Evidence has recently emerged that migratory birds are among the prey taken by 2 large insectivorous bat species in Europe and India. This raises the question of whether large aerial-hawking bats in other temperate regions also make use of this food resource. We analyzed the diet of the birdlike noctule (Nyctalus aviator), one of the largest aerial-hawking bats in Japan, and found bird remains in pellets collected in spring, autumn, and early winter, but not in summer. Predation on birds may be a widespread behavior among large, fast-flying insectivorous bats in temperate regions. Our results would provide new perspectives on the ecological and evolutionary interactions between bats and birds.
Bats exploit a wide array of food sources including arthropods, fruit, pollen, terrestrial vertebrates, fish, and even blood. Carnivorous bats that take small vertebrates (excluding fish) as a significant component of their diet are quite rare, including fewer than 15 species distributed mostly in tropical or subtropical areas (Audet et al. 1991; Bell 1982; Cramer et al. 2001; Fenton et al. 1990; Medellín 1988; Norberg and Fenton 1988; Prakash 1959; Santos et al. 2003; Toop 1985; Vaughan 1976; Vehrencamp et al. 1977) . On the other hand, arthropodfeeding bat species are the most common in the world (Patterson et al. 2003) , and most species in temperate zones are considered to feed exclusively on arthropods.
Recently, unexpected bird-eating behavior was reported for the fast-flying and arthropod-feeding species the greater noctule (Nyctalus lasiopterus) from Italy and Spain (Dondini and Vergari 2000; Ibáñez et al. 2001 ) and the great evening bat (Ia io) from India (Thabah et al. 2007 ). Both species are large, and have echolocation calls and wing shapes adapted for detecting and catching aerial prey in open spaces. It is thought that these species capture migrating birds while flying at high altitude (Ibáñez et al. 2003; Popa-Lisseanu et al. 2007) , although this has not been observed directly. These findings raise new questions of how the bats catch and eat birds, which species they eat, and whether large aerial-hawking bat species from other temperate zones on the routes of migrating birds also make use of this food resource (Ibáñez et al. 2001) .
The birdlike noctule (Nyctalus aviator) is distributed in eastern China, the Korean peninsula, and Japan, and possibly in Far East Russia. The birdlike noctule is one of the largest aerial-hawking bats in Japan (forearm length 59-65 mmFukui 2009). It was formerly treated as a subspecies N. lasiopterus aviator (Ellerman and Morrison-Scott 1951) , but is now accepted as a valid species on the basis of morphological differences (Maeda 1983) . In Japan this species utilizes hollows in large-diameter trees as day roosts (Maeda 1974) . Its wings have a high aspect ratio and low wing-tip shape index (Fukui et al. 2011) , indicating fast flight in open areas and low maneuverability. N. aviator emits long, high-intensity and lowfrequency (peak frequency ,20 kHz) echolocation calls (Fukui et al. 2004) . Food habits of this species are poorly known, although Maeda (1974) described fragments of Cecidomyiidae, Nematocera, Lepidoptera, and Coleoptera from stomach contents of 4 individuals caught in late May 1967.
More than 60% of the 542 bird species recorded in Japan are known to migrate (Ornithological Society of Japan 2000) to, w w w . m a m m a l o g y . o r g 657 from, or within the Japanese archipelago every spring and autumn. In this study, we analyze the possibility that N. aviator, morphology and echolocation call structure of which are similar to those of N. lasiopterus and I. io, preys on migrating birds in spring and autumn. To test this hypothesis we analyzed fecal pellets of N. aviator for evidence of birdeating by this large aerial-hawking bat.
MATERIALS AND METHODS
Fecal sampling was conducted at 3 roosting sites of N. aviator in Japan (Fig. 1) 0 N, 139820 0 E). In Asahikawa and Hakodate, N. aviator forms maternity colonies inside several tree hollows on the grounds of shrines from May to October. These maternity roosts may contain more than 100 pregnant or lactating females, although the number of individuals varies seasonally and between years. In Kumagaya, 10-80 individuals of N. aviator roost in narrow slits under an overhead railway from November to December. The roost in Kumagaya was discovered 2011.
In Asahikawa and Hakodate, a plastic tray was set under the roost entrance or in the bottom of the tree hollow every 10 days, and fresh feces were collected 1-3 days after setting the tray. In Kumagaya, fresh feces were collected from the ground under the roost every 10 days. After sampling, old feces were swept out in preparation for subsequent sampling. In Asahikawa, sampling was conducted from late May to early October 2010, from mid-May to late June 2011, and from midSeptember to early October 2011. From early July to early September 2011, we could not collect feces because the bats roosted in inaccessible tree hollows. In Hakodate, sampling was conducted only from late May to mid-June 2010, but not afterward because the bats roosted in inaccessible tree hollows. In Kumagaya, sampling was conducted from late November to December 2011. Fecal pellets were air dried and preserved in bottles until analysis.
Pellets were examined under a binocular microscope (103) and sorted according to whether they contained insect or bird remains. If fragments of both insects and birds were found in the same pellet, the percentage volume of insects, bird feathers, and bones was roughly estimated by visual evaluation. Insect remains in some pellets from Asahikawa in 2010 were examined in more detail, and identified as Coleoptera, Lepidoptera, or other arthropods.
RESULTS
We analyzed a total of 9,167 fecal pellets (359 from Hakodate, 6,936 from Asahikawa in 2010, 1,793 from Asahikawa in 2011, and 79 from Kumagaya). Of the 9,167 pellets, 124 pellets contained bird feathers or bones (102 from Hakodate and Asahikawa and 22 from Kumagaya), and others contained only arthropod remains. Although we could not identify bird remains to species level, the shape of most barbules resembled those of passerines, which have distinct bicone-shaped nodes (Chandler 1916; Murai et al. 2011) .
In Hakodate, 9 and 2 pellets from early and mid-June included feathers (3.0% and 5.3% of the number of total pellets, respectively), and no feathers were included in late May (Fig. 2) . The pellets that contained bird feathers included no, or few, arthropod remains.
In Asahikawa in 2010, 1-11 pellets included feathers (0.2-1.3% of the number of total pellets) in spring (from late May to mid-June), but no feathers were included in summer (from late June to early August). Thereafter, 1-17 pellets included feathers (0.2-3.7% of the number of total pellets) in autumn (from mid-August to late September) again, and the presence of feathers was frequent in early October (41 pellets: 33.6% of the number of total pellets; Fig. 2 ). On the other hand, in Asahikawa in 2011, 1-3 pellets included feathers in either spring or autumn (0.0-2.6% of the number of total pellets; Fig.  2 ). As in Hakodate, pellets that contained bird feathers included no, or few, arthropod remains.
In Kumagaya, from mid-November to late December, the proportions of bird remains in pellets were higher (7.0-59.7% of the volume of total pellets) than at other sampling sites (Fig.  2) . In mid-November, early December, mid-December, and late December, bird remains included bone fragments (2.0%, 8.0%, 0.6%, and 0.6% of the volume of total pellets, respectively; Fig. 2 ). Most of the 22 pellets that contained bird remains also included arthropod remains (13 pellets: arthropods and bird feathers; 7 pellets: arthropods, bird feathers, and bones; 1 pellet: bird feathers and bones; and 1 pellet: only bird feathers). We examined 1,152 pellets from Asahikawa in 2010 in more detail to identify arthropod fragments (Fig. 3) . Coleoptera composed the highest proportion of arthropod fragments in the pellets (40.0-51.2%) except in late May (30.9%), early September (30.0%), and early October (31.0%). The proportion of Lepidoptera in the diet varied with sampling periods (11.0-34.1%).
DISCUSSION
Our results show that N. aviator preys on birds. Bird remains were found in spring, autumn, and early winter, whereas no bird remains were found from fecal pellets collected during the summer. Although we collected samples in summer from only 1 site (Asahikawa), the seasonal trend in presence of bird remains corresponds roughly with those found by previous studies (Ibáñez et al. 2001; Popa-Lisseanu et al. 2007 ). In Japan, as in the Mediterranean region, the peak seasons of bird migration are during April to June, and August to November (Ueta et al. 2009 ). Therefore, it seems likely that N. aviator was consuming migrating birds in spring and autumn.
In spring and autumn birds appeared to be less prevalent in the diet of N. aviator than has been reported for N. lasiopterus (Ibáñez et al. 2001) or I. io (Thabah et al. 2007 ). However, there was evidence of interannual variation in the contribution of birds to the diet in Asahikawa in the autumn, so it is not clear whether this difference between species would still be apparent in data from multiple sites collected over multiple years. If the degree of dependence on birds by N. aviator is really less than that of N. lasiopterus or I. io, then various factors may be involved. N. aviator is slightly smaller than either of the other 2 species (Dietz et al. 2009; Smith and Xie 2008) and this may reduce the range of bird prey it can capture or consume. There also may be differences between sites in the relative abundance of migrating birds, as well as the availability of alternative arthropod food resources. To determine the importance of these factors would require synchronous monitoring of bird migration and availability of arthropod prey, and dietary analysis.
Interestingly, in addition to bird predation in spring and autumn, we found high proportions of bird remains from the fecal pellets in late autumn and early winter in Kumagaya, which does not coincide with the seasonal bird migration (Ueta et al. 2009 ). One factor that may influence the high proportion of bird remains found in this season is low insect abundance. In general, the density of insect prey for bats decreases at temperatures below 108C (Rydell 1989) , and daily mean temperature in Kumagaya falls below 108C in November (Japan Meteorological Agency 2013). Thus, the relative availability of birds compared to insects may be high, although the absolute nocturnal bird density is much lower than in the peak migrating season. In Kumagaya, N. aviator often emerged from its roost in December, whereas Asian particolored bats (Vespertilio sinensis) in a nearby roost were not active in December (A. Sato, pers. obs.). V. sinensis is smaller (forearm 44-53 mm) than N. aviator, and so less likely to consume birds. An alternative possibility is that N. aviator consumes not only migrating birds, but also resident birds that are still abundant in November and December. Dondini and Vergari (2004) suggested that N. lasiopterus might capture nesting birds. However, given the echolocation call structure and poor ability to maneuver around obstacles, it is unlikely that N. aviator captures birds at their nests. In either case, our results suggest that birds are an important resource for N. aviator during periods of low insect abundance, as well as during the bird migration season. Another interesting finding is that fecal pellets from Kumagaya contained both bird feathers and bones, whereas pellets from other sites contained only feathers. Previous studies have shown similar variation. In Spain, only feathers were found from the pellets of N. lasiopterus (Ibáñez et al. 2001) , whereas both feathers and bones were found from pellets of N. lasiopterus and I. io in Italy and India, respectively (Dondini and Vergari 2000; Thabah et al. 2007 ). These differences may indicate that the size of the prey species varies with geographical areas or seasons. For example, when bats capture relatively larger birds in the air, they may bite off only muscle tissue and feathers. In contrast, bats may bite off bones, as well as muscle tissue and feathers of smaller birds. This hypothesis could be tested by species identification of bird remains using molecular techniques.
High proportions of Coleoptera in the diet indicate that N. aviator has a robust skull and powerful jaws (Abe 2007; Aguirre et al. 2003; Freeman 1979; Swartz et al. 2003) . In addition to skull morphology, N. aviator has other traits similar to those of the other 2 aerial bird-hunting species (N. lasiopterus and I. io): large body size, high wing loading, and long and narrow bandwidth echolocation call with low frequency (Fukui et al. 2004 (Fukui et al. , 2011 . These traits are suitable for fast flight and for chasing relatively large prey in open space. For these bats, birds may be easier to capture than insects, both because they are larger and can be detected at greater range, and because they may not hear ultrasound emitted by the bat as many insects do (Miller and Surlykke 2001; Rydell et al. 1997 ). Including our study, bird predation has been confirmed in at least 3 bat species. As discussed by Ibáñez et al. (2001) , switching from a diet of large flying insects to one of small flying birds should not require any specific adaptations in functional traits. Migrating birds could be an important food resource for bats, because millions of small birds congregate to follow the same route, mainly at night. Predation on migrating birds may be a widespread behavior among large, fast-flying insectivorous bats in temperate regions. Questions that still remain include which species of birds are consumed by bats, and how and where the bats prey on them. This information would provide new perspectives on the ecological and evolutionary interactions between bats and birds.
